Abstract. Historical data are essential for understanding how fire activity responds to different drivers. It is important that the source of data is commensurate with the spatial and temporal scale of the question addressed, but fire history databases are derived from different sources with different restrictions. In California, a frequently used fire history dataset is the State of California Fire and Resource Assessment Program (FRAP) fire history database, which circumscribes fire perimeters at a relatively fine scale. It includes large fires on both state and federal lands but only covers fires that were mapped or had other spatially explicit data. A different database is the state and federal governments' annual reports of all fires. They are more complete than the FRAP database but are only spatially explicit to the level of county (California Department of Forestry and Fire Protection -Cal Fire) or forest (United States Forest Service -USFS). We found substantial differences between the FRAP database and the annual summaries, with the largest and most consistent discrepancy being in fire frequency. The FRAP database missed the majority of fires and is thus a poor indicator of fire frequency or indicators of ignition sources. The FRAP database is also deficient in area burned, especially before 1950. Even in contemporary records, the huge number of smaller fires not included in the FRAP database account for substantial cumulative differences in area burned. Wildfires in California account for nearly half of the western United States fire suppression budget. Therefore, the conclusions about data discrepancies and the implications for fire research are of broad importance.
Introduction
Wildfire activity has fluctuated dramatically during the last century and fire regimes have been altered in different directions and magnitudes, depending upon geographic region (Safford and Van de Water 2014) . Understanding the drivers and nature of these changes, thereby projecting the future trajectory of wildfire activity, has critical implications for the ecological structure and function of fire-prone ecosystems (Pausas and Keeley 2009 ), long-term carbon stocks (Bachelet et al. 2015) , and human welfare and safety (Syphard et al. 2012) . It is therefore essential to attain and analyse historical patterns of wildfire activity to facilitate research on drivers of change, conduct risk assessments and prioritise different management operations (e.g. Hardy and Hardy 2007; Thompson and Calkin 2011; Miller et al. 2012) . In other words, to understand and anticipate future conditions, it is necessary to study patterns and trends in the past , and this depends on accurate and complete records of past fire events.
Records of wildfire activity historically have been maintained in written or mapped formats by government agencies, each with different formatting requirements and standards. The primary concern has been the completeness of the record, but that is only one of many potential uncertainties (Regan et al. 2002) . Given such disparate sources and formats of fire data, it has been challenging to assemble complete and reliable historical datasets for areas spanning multiple land ownerships over long time periods (Short 2014) .
California is noteworthy for its extensive written fire history for state and federal lands (Keeley and Syphard 2015) . These data are available as annual summaries of fire frequency and area burned for United States Forest Service (USFS) forests (1910-present) and for individual counties protected by the state agency California Department of Forestry and Fire Protection (Cal Fire) (1919-present) . These data include all fires and their size that were recorded each year by county (Cal Fire) or forest (USFS). Another database is derived from fire perimeter data reported annually for moderate-large fires by state and federal agencies and is known as the State of California Fire and Resource Assessment Program (FRAP) fire history database. One advantage of this geographic information system (GIS)-format database is that it delineates the perimeters of individual fires but it is restricted to larger fires, where information on their spatial location is available. This FRAP database has been used extensively in the study of historical patterns of burning in the state (e.g. Keeley et al. 1999; Oneal et al. 2006; Moritz et al. 2009; Schwartz et al. 2015) or how historical fires have affected vegetation patterns (e.g. Franklin et al. 2004; Talluto and Suding 2008; Meng et al. 2014) to examine both drivers in annual variability and ecosystem impacts of fire activity.
Given the importance of historical fire data for understanding trends and drivers of fire activity, our objective was to better understand the characteristics and differences between these two historical sources of fire data in the state of California through a historical comparison of fire activity . We also compared these two data sources with a more contemporary dataset known as the national interagency Fire Program Analysis, Fire-Occurrence Database (FPA FOD) (Short 2014) .
We asked:
1) Are there differences in total number of fires and area burned over time among the datasets? 2) Do data discrepancies vary by climatic division? 3) How synchronous is variation in modern records of fire activity among databases? 4) What attributes does each of these datasets possess that reflect their most appropriate application?
Methods
Given that fire regimes and their drivers are spatially variable (Keeley and Syphard 2015) , we stratified our comparative analysis among the most fire-prone climatically-homogeneous divisions in the state (Fig. 1) 
FRAP database
These data are derived from individual fire events, and fire perimeters are digitised from fire maps available from state and federal agencies and some local agencies, each with associated identifiers such as fire name, date and size. The fire size measurement includes all area within the perimeter, although large fires often contain unburned patches. Initially, the database covered 1950-2001 and included wildland fires larger than 4 ha on USDA Forest Service land and fires larger than 121 ha on lands under the protection of Cal Fire but many exceptions are apparent. Beginning in 1989, Cal Fire began annually updating the database by adding all fire information back to 1878, identifying and removing duplicate fires, and adding fires from the previous season. Nevertheless, many fires may be missing either because they were not mapped or were missing documentation, a limitation that is more common as one goes back in time. The FRAP fire perimeter database, updated to 2013, was downloaded from (http://frap.fire.ca.gov/data/frapgisdata-swfireperimeters_download.php, accessed 28 August 2014). We only summarised data for wildfires and excluded prescribed burns. To match the earliest date of complete fire records available through the written records for both Cal Fire and USFS, we selected all fires in the FRAP database that occurred from 1919 to 2013 and clipped them to the boundaries of the climate divisions. We limited our analysis to fires or portions of fires that were within those areas to ensure complete geographical overlap with the data reported in the written records. In the case that the administrative boundary crossed the climate division boundary along the eastern side of the state (e.g. Fig. 1 ), we carved out the extent of fire perimeters within those areas to ensure complete geographical overlap with the data reported in the written records.
Written data
We assembled the written records of annual wildfire activity from the two sources with the longest records in the state: 1) USFS fire data that covered all national forests for the years 1910-2013 (although we used only the years 1919-2013) and 2) Cal Fire data that covered direct protection areas (DPA), which are mostly state responsibility lands, for the years 1919-2013 (see Keeley and Syphard 2015) . These written data differ from the FRAP database in that they include all wildfires regardless of size but they are only spatially explicit to the level of forest (USFS) or county (Cal Fire).
Most of fires that comprise the Cal Fire and USFS fire databases are only represented in one or the other database. Very large fires are often included in both, theoretically agencies only report the acreage burned within their jurisdiction. Nonetheless, the potential exists for double reporting of area burned, so to estimate this potential source of error we did the following more detailed investigation. For years 2003-2008, we examined individual fires that exceeded 4000 ha to determine which had been reported by both agencies and to what extent the combined Cal Fire and USFS area burned data exceeded the reported total fire size. These years represented some of the largest fires in southern California (2003 California ( , 2007 and northern California (2008) and thus would be more prone to double reporting than would be typical through the entire record.
Contemporary FPA FOD database
We compared these historical datasets with FPA FOD database for the 20-year period of overlap. These include all available fire data from local, state and federal sources. We downloaded these data as a GIS layer that includes a point location within a 260 ha (1 square mile) grid for every fire, with fire size provided as a digital attribute (http://www.fs.usda.gov/rds/archive/Product/ RDS-2013-0009.3/, accessed 27 August 2015). We clipped all GIS points from the database to the four NOAA division boundaries and subsequently summed the total number of fires and area burned for each year, regardless of agency source.
Analysis
Because we were only interested in the completeness of each data source with respect to fire frequency and area burned, we performed simple summaries of each dataset by year and by climate division for comparison. The spatial nature of each dataset is so fundamentally different that a spatial comparison finer than the unit of NOAA climate division was not possible.
We also summarised the annual number of small fires, i.e. #4.047 ha, within each climate division for the two historical datasets and calculated their proportion of the total number of fires for which size class data were available. These summaries allowed us to visualise the proportion of small fires that may have been missed on account of size limitations in the FRAP data. For the FRAP data, we identified small fires by calculating the area of each fire perimeter. For the written records, we summarised fires that were recorded to be in size classes A (,0.101 ha/quarter of an acre) or B (.0.101 ha/quarter of an acre but ,4.047 ha/10 acres), which consistently represented all fires #4.047 ha.
Results

Fire frequency
The number of fires in the written record greatly exceeded, by at least one order of magnitude for most divisions, the number reported by the FRAP database in all four climate divisions ( Fig. 2a-d ) . The discrepancy in the South-Central Coast Division was generally smaller than in the other divisions (Fig. 2d ) . The largest discrepancies occurred in the latter half of the 20th century, but the two datasets started to converge in the last 10 years in all regions. Cumulatively, the discrepancies in fire frequency resulted in more than one order of magnitude difference in all divisions except the South-Central Coast, where the written record nevertheless contained nearly 6 times the number of fires than the FRAP record (Fig. 3a) .
The discrepancy in the proportion of small fires was generally highest in the latter part of the 20th century, with the written record containing a larger proportion of small fires than FRAP (Fig. 4) . Nevertheless, the discrepancy in small fires was generally not as large as that in the total number of fires (Fig. 2) and the convergence in the last 10 years was less evident.
The more contemporary FPA FOD database reported fewer fires than the written record and more fires than the FRAP record until ,2007, after which fire frequency either equalled (North Coast and North Interior) or slightly exceeded (Sierra Nevada and South-Central Coast) the frequency reported by the other datasets (Fig. 2) . Cumulatively, the FPA FOD data reported fewer fires than the written record but more fires than FRAP during this period (Fig. 3b) .
Area burned
In the evaluation of potential error due to double reporting of area burned, we found that the 2003 Cedar Fire, the largest in our database, had a reported area burned by Cal Fire of 59 169 ha and by USFS of 69 321 ha, which was 15 150 ha or 13% higher than the total fire size of 113 340 ha. However, this was an anomaly for fires during the years [2003] [2004] [2005] [2006] [2007] [2008] . Over that time period, there were 89 fires larger than 4000 ha, with only 13 reported by both agencies. These 89 fires comprised a total area burned of 1 339 414 ha, and for these fires, the combined Cal Fire and USFS area burned was 3.5% higher. Considering that there were many more large fires during this time period than throughout the rest of the record, it is likely that overall the potential error in the written records is less than 3.5%. These years represented some of the largest fires in southern California (2003, 2007) and northern California (2008) and thus would be more prone to double reporting than would be typical through the entire record. Both state and federal agencies are not likely to respond to small fires and indeed our statistics overwhelmingly support that conclusion -that is, most fires of more than 4000 ha are attacked by just one or the other agency. However, from 2003 to 2008 many large fires occurred and both agencies were likely to be involved.
Most divisions showed substantially more area burned for written records than for FRAP, especially in the first half of the 20th century (Fig. 2) . This was most pronounced in the northern half of the state (Fig. 2a-c) . After ,1950, all divisions showed diminished discrepancy between FRAP and the written record.
In the last two decades, the area burned reported in the FPA FOD database generally matched that reported in the two historical databases. However, the written records tend to exceed the area reported in either FPA FOD or FRAP databases, 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 2003 2007 2011 FRAP Written 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 particularly in the North Interior and South-Central Coast drainages, but not in the North Coast (Fig. 2a, b, d ). This was the case even in the years in which the FPA FOD data contained fewer fires than the written records (,1992-2007) . Nevertheless, across all datasets, peak fire years corresponded nearly identically in all climate divisions. The cumulative differences in area burned over time were substantial (Fig. 3a) , with approximately 2-3 times as much area burned reported in the written record than summarised across the FRAP data. These cumulative differences have persisted in the contemporary record (Fig. 3b) , except for the North Coast Division, where the reported area burned is nearly the same for the three databases. Compared with FRAP, the FPA FOD dataset reported slightly larger cumulative area burned, except for the South-Central Coast where the difference was fairly substantial (Fig. 3b) . Compared with the written record, the FPA FOD generally reported less area burned, except for the North Coast.
Discussion
The substantial differences in the California historical databases clearly reveal different strengths and weaknesses. The FRAP database is indispensable for tracking the spatial pattern of past fires, as it is the only one presenting fire perimeters. The primary advantage of the written fire record is that it is substantially more complete throughout much of the historical period, particularly in terms of fire frequency. In divisions like the Sierra Nevada, with substantial National Park Service land, this distinction might be even larger because fires on these National Park Service lands were not included in the written database analysed here, but were included in the FRAP record.
One limitation of FRAP is that, for a fire to be included, it requires spatially explicit information to generate fire perimeters, and in the earlier historical record, these were less readily available and undoubtedly less precise than modern fire maps. This is why the FRAP database was initially designed to cover the second half of the 20th century. Another reason for the lower area burned in the FRAP data is the exclusion of small fires. Whereas small fires make up most of total fires in the written record, only about a third to half of those have been included in FRAP (Fig. 4) and the area of these small fires, combined with the area of fires that have not been mapped, becomes substantial over time (Fig. 3) .
Appropriate uses of these databases
The written records are most useful for analyses that require the most complete record of 20th century patterns of burning. For example, had the recent study by Keeley and Syphard (2015) , relating historical fire-climate patterns for the last century, been based on the FRAP database, it would have grossly underestimated fire activity in the first half of the 20th century and missed important fire-climate relationships. The more complete written records would also be the most appropriate dataset for evaluating how ignition sources have changed over time because, until recently, the FRAP and the FPA FOD databases greatly underestimated ignitions (Fig. 2) . However, if one were interested only in ignition sources for large fire events, both FRAP and the FPA FOD would be useful for data since 1950 (FRAP) or more recently (FPA FOD). Recognising this potential for underreporting small fires in the FRAP database, Miller et al. (2012) restricted an historical analysis of fire activity to fires .40 ha from 1910-2008, but even some large fires may have been missed.
Because the FRAP database has been used by numerous investigators, it is worth evaluating potential shortcomings that may not have been understood by those investigators. One of the first scientific uses of this database was the 1999 report on fire suppression impacts in southern California (Keeley et al. 1999) . By using the FRAP database, that study greatly underestimated the extent of burning during the first half of the 20th century and underestimated the marked drop in fire size in recent decades. If the written records had been used, the conclusions about minimal fire suppression impacts in southern California would have been even stronger.
In their study of fire frequency on alien plant distribution in Orange County, California, Talluto and Suding (2008) , using the FRAP database, attributed some increases in alien plants to nitrogen deposition as opposed to fire history. While this link may be valid, the limitations of the FRAP database, particularly in failing to record most of small fires, makes it likely that fire disturbance is of greater importance than they concluded. In this county, more than 95% of the fires reported in the written record are not recorded in the FRAP database, so the potential exists for vast portions of this county having experienced repeated fires not being recorded in the FRAP database. Similar problems may exist in the quantification of fire intervals using the FRAP data in Moritz et al. (2009) and Meng et al. (2014) . Krawchuk and Moritz (2012) relied on the FRAP database for their fire-climate analysis in California. Although much of the work focused on recent decades where the FRAP database is comparable to other databases in area burned (Fig. 2) , they made comparisons with other time periods beginning in 1878, 1911 and 1941, and they used the FRAP database to investigate patterns of ignitions. While they fully acknowledge limitations of these earlier datasets, the findings here suggest that their conclusions may need re-evaluation with the more complete written data source (Fig. 2) .
The FRAP database has also been used to explain successional changes (Franklin et al. 2004) . In this sort of approach, scale is very important since, if the analysis is done over a large enough area, there is the potential for small errors to even out. Nevertheless, for any given site, the FRAP stand age should be questioned. For example, of 180 sites measuring 0.1 ha, Keeley et al. (2008) found that the actual age of the stand based on stem ring counts was younger than the FRAP age 53% of the time. In short, FRAP fire perimeter maps should be considered an unreliable indicator of the age of a particular site.
A recent analysis using the FRAP database contends that, since 1911, the distribution of fires in the Sierra Nevada of California have risen in elevation, a potential sign of climate change impacts (Schwartz et al. 2015) . Since this study shows a clearly demonstrable change in the reliability of the FRAP data beginning in the mid-20th century (Fig. 4) , these data are clearly inappropriate for demonstrating historical trends back to the early 20th century. Nevertheless, since fire-perimeter maps are required for this type of study, the FRAP database is the only viable option. The Schwartz et al. (2015) paper did a breakdown of change by era, suggesting that the change in elevation has continued to the present. Thus, the overall conclusions of that paper are likely not affected by dependence on early FRAP records.
Conclusions
The evaluation considered here broadly applies to historical reconstructions. In general, written records are the most complete if one is concerned with long-term fire trends. The major advantage of the FRAP database is that it provides spatially explicit fire perimeters that are required for many purposes. Since 1950, the FRAP database does a fine job capturing the largest fires and the FAA FOD database also does this for the last few decades. However, FRAP is not designed to capture small fires, which even today comprise a substantial proportion of all fires. Thus, on landscapes where small fires are abundant, FRAP may significantly underestimate area burned. It is important that users closely evaluate the limitations of these datasets and their particular data needs before making a selection.
